Protein accumulation is a hallmark of many neurodegenerative disorders. In Alzheimer's disease (AD), a hyperphosphorylated form of the protein tau (p-tau) forms intracellular inclusions known as neurofibrillary tangles. Deposits of p-tau have also been found in the brains of patients with Down's syndrome, supranuclear palsy, and prion disease. Mutations in tau have been causally associated with at least one inherited neurologic disorder, frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17), implying that tau abnormalities by themselves can be a primary cause of degenerative diseases of the CNS. Removal of these p-tau species may occur by both chaperone-mediated refolding and degradation. In this issue of the JCI, Dickey and colleagues show that a cochaperone protein, carboxyl terminus of Hsp70-interacting protein (CHIP), in a complex with Hsp90 plays an important role in the removal of p-tau (see the related article beginning on page 648). Pharmacologic manipulation of Hsp90 may be used to alleviate p-tau accumulation in disease.
Role of chaperones in degradation and refolding of abnormal tau
Chaperones are molecular machines designed to maintain proteins in a properly folded state (1) . Misfolded proteins that cannot be refolded by chaperones are ubiquitinated and thereby targeted for degradation by the proteasome (2) . It has been proposed that the chaperone and proteasome systems may act in concert in clearing abnormal tau and other proteins that accumulate in neurologic diseases (3) . Indeed, in Alzheimer's disease (AD) brains, neurons with a higher content of the molecular chaperones Hsp70 or Hsp90 have fewer neurofibrillary tangles (NFTs; ref. 4) . In a transgenic mouse model expressing a mutant version of human tau that is associated with the neurologic disorder frontotemporal dementia with parkinsonism linked to chromosome 17 (FTDP-17), reduced levels of Hsp90 were detected in the hippocampi of affected animals (4) . Conversely, inhibition of the proteasome in cells overexpressing parkin, a protein found in aggregates in Parkinson's disease patients, leads to parkin inclusion formation (5) .
The chaperone cofactor proteins Hsp70-interacting protein (Hip) and Hsp70/Hsp90-organizing protein (Hop) both interact with Hsp70 via their tetratricopeptide repeat (TPR) domains. In a screen for additional TPR-encoding cDNAs, a protein named carboxyl terminus of Hsp70-interacting protein (CHIP) was identified (6) . As its name suggests, CHIP interacts with Hsp70 and inhibits its ATPase activity, indicating that CHIP might be involved in an Hsp70-mediated process distinct from refolding (6) . Hsp90, which binds CHIP via its TPR domain (7) , is different from Hsp70 and other chaperones in that it does not act in nascent protein folding and most of its known substrates are signal transduction proteins. It is generally believed that Hsp90 binding follows the formation of an Hsp70/substrate complex (8) . CHIP can interact with either Hsp70 or Hsp90 through the same TPR, displacing them from Hop or other TPR-containing proteins (7, 8) .
CHIP has been shown to be an E3 ubiquitin ligase whose activity is dependent on Hsp90 or an Hsp70/40 complex (9) . Petrucelli and colleagues previously showed that CHIP ubiquitinates tau in transfected cells and stimulates tau aggregation (10) . Hsp70 upregulation attenuated tau aggregation concomitantly with a decrease in total tau levels, suggesting a role for CHIP/ Hsp70 in promoting tau degradation (10).
Independently, Shimura and colleagues showed that a CHIP/Hsp70 complex specifically ubiquitinates AD-type hyperphosphorylated tau (p-tau) and that soluble p-tau is toxic. Surprisingly, they also found that insoluble p-tau is not toxic, even when both hyperphosphorylated and ubiquitinated (11) . CHIP levels were increased in AD brains and corresponded directly to levels of Hsp90, but not Hsp70, in both diseased and normal brains. Furthermore, CHIP levels were inversely proportional to p-tau, suggesting that CHIP in conjunction with Hsp90 may play a protective role (12) . Consistent with this idea, both homo- and heterozygous CHIP knockout mice were shown to have increased levels of insoluble tau in the brain (12) . An independently created CHIP-null mouse also had elevated levels of both total tau and p-tau that were concomitant with a decrease in Hsp70 levels (13) . The accumulated tau did not form NFT-like lesions. When the CHIP-null mice were crossed with transgenic mice expressing a pathogenic human tau (P301L), p-tau levels increased without any increase in aggregation, suggesting that CHIP is required for both degradation and aggregation (13) .
Hsp90 inhibition may enhance degradation of abnormal p-tau
The study in this issue of the JCI by Dickey, Petrucelli, and colleagues provides evidence that an Hsp90 inhibitor reduced total tau and p-tau levels both in cultured human HeLa cells and in mice (14) . EC102, which is reported to inhibit Hsp90 ATPase activity, was previously shown to enhance degradation of abnormal p-tau in P301L-tau-expressing cells (15, 16 ). In the current study, treatment of tau-transfected cells with EC102 caused a reduction of both total tau and p-tau levels by up to 40%. Knocking down Hsp90, but not Hsp70, by means of siRNA abolished the EC102 effect, indicating that Hsp90 is required as a structural component of a tau-refolding/ degradation complex. siRNAs of several other factors, including Hop, Hsp40, and CHIP, also abrogated the effect of EC102. In addition, downregulation of these fac-tors increased total tau levels. In contrast, siRNA of heat shock factor 1 (HSF1) had no effect on EC102-mediated p-tau reduction. Because HSF1 activates the Hsp genes but is normally inhibited by Hsp90, these data show that the involvement of Hsp90 was direct and that de novo synthesis of chaperones was not responsible for the EC102-induced decrease in tau levels. It also makes it unlikely that general activation of Hsp genes plays a role in the EC102 mechanism of tau downregulation. In fact, Hsp70 knockdown had virtually no effect on total tau or p-tau levels or the EC102-induced effect.
The present findings (14) point to a pivotal role for Hsp90 in aberrant tau degradation and potentially in tau refolding, although the exact function of Hsp90 in this process is unclear. Treatment with siRNA of Hsp90 without EC102 resulted in an increase in total tau levels and also in p-tau. The effect of Hsp90 knockdown on p-tau levels was overcome by overexpressing CHIP. Moreover, CHIP formed complexes with tau in immunoprecipitation experiments with or without Hsp90 knockdown. Taken together, these data suggest a model (Figure 1 ) in which the chaperones Hsp70, Hsp40, and possibly Hsp90, when presented with abnormal p-tau, first attempt to refold it and return to the "normal," microtubule-associated tau pool. If that fails, CHIP comes into play and ubiquitinates the abnormal p-tau protein, thereby targeting it for degradation. Consistent with this hypothesis, siRNA treatment of refolding-stimulating factors P23 and Pin1 enhanced tau degradation. Should this degradation fail, aggregation may present the safety net by which the toxic protein will be retained and isolated from the intracellular environment.
Reducing p-tau levels in transgenic mice
Unlike geldanamycin and other ansamycin-class antibiotics previously used to inhibit Hsp90 (4, 17), EC102 can cross the blood-brain barrier and may therefore be used to treat CNS disorders. In an exciting follow-up to their in vitro results, Dickey et al. administered EC102 to transgenic mice overexpressing human tau (14) . Mice undergoing a treatment regimen as short as a once-daily dose of EC102 for 7 days showed an approximately 50% reduction in aberrant p-tau levels, but not in levels of normal tau. Most remarkably, the affinity of EC102 for Hsp90 from affected regions of human AD brains was found to be approximately 1,000-fold higher compared with that for Hsp90 from unaffected regions of the brains of the same patients or from control patients. This finding could explain the specificity of the EC102 effect on abnormal p-tau in transgenic mice and makes it a highly promising candidate for anti-tauopathy therapeutics.
While the current study (14) provides an exciting advance in our understanding of the relationship between chaperones, proteasome-mediated degradation, and abnormal tau accumulation, it fails to address several important questions. The main question concerns the mechanism of Hsp90 involvement in tau degradation. One possibility is that when Hsp90 is inhibited, CHIP, tau, and Hsp90 are more likely to stay in a complex, giving CHIP
Figure 1
Cellular fates of abnormal tau. The tau protein can be phosphorylated on a large number of serine and threonine residues along its length, resulting in an enormously complex pattern of potential phospho-isoforms. Under normal cellular conditions, each tau molecule contains only 2-3 phosphate groups and binds microtubules (18) . Tau hyperphosphorylation to form p-tau is believed to be the trigger event in the tau aggregation cascade. The kinases responsible for this event are not known but may include CDK5, GSK3β, and MARK2. Soluble p-tau is believed to be the toxic moiety, while p-tau aggregation may represent a protective mechanism of sequestration. p-tau is misfolded, which results in recruitment of hsps such as Hsp70, Hsp40, and Hsp90. These chaperones attempt to refold the abnormal p-tau, which could ultimately result in p-tau reincorporation into microtubules. This reincorporation is most likely contingent upon dephosphorylation. P23 is found in mature Hsp90-substrate complexes and stimulates Hsp90 ATPase and substrate dissociation, promoting substrate refolding. If refolding fails, the p-tau-chaperone complex is reprogrammed to eliminate the defective p-tau protein. If substrate (p-tau) release is blocked by an inhibitor of Hsp90 ATPase, such as EC102, CHIP proceeds to ubiquitinate (U) p-tau and target it for degradation by the proteasome. EC102 also induces an HSF1 feedback loop that leads to increased chaperone expression. In this issue, Dickey et al. (14) now show that Hsp90 inhibition with EC102 leads to enhanced CHIP-mediated degradation of p-tau both in human culture cells and in mice. more time to tag tau for degradation by ubiquitination (8) . However, the present study does not support this idea, since more CHIP/tau complexes formed in cells treated with Hsp90 siRNAs than in control-treated cells. Moreover, EC102-treated mice had much lower Hsp90 levels than did controls, in an apparent contradiction with the abrogation of the EC102 effect by Hsp90 siRNA in cultured cells.
The relative contributions of protein refolding, degradation, and aggregation to the neutralization of toxic tau are therefore far from being elucidated. Given that Hsp90 is involved in multiple signaling events unrelated to tau metabolism, it will be important to establish what potential side effects EC102 might have in long-term treatment. The key postulate of the study (EC102 specificity for Hsp90) may also need revisiting. EC102 has been reported to inhibit Hsp90 and not Hsp70 (16) , but these studies do not address whether EC102 is specific for Hsp90. Downregulation of other components of the chaperone system also blocked the EC102-induced decrease in p-tau, raising the question whether this is due to the specific action of EC102 on Hsp90. These concerns notwithstanding, the notion that the chaperone machinery is a promising target for pharmacologic intervention in AD and other tauopathies has just received a robust boost.
The hormone aldosterone increases extracellular fluid volume and blood pressure by activating epithelial Na + channels (ENaCs). Serum-and glucocorticoid-induced kinase 1 (SGK1) is an aldosterone-stimulated signaling molecule that enhances distal nephron Na + transport, in part by preventing the internalization of ENaCs from the plasma membrane. In this issue of the JCI, Zhang et al. demonstrate that SGK1 enhances transcription of the α subunit of ENaC by preventing histone methylation, providing an additional mechanism by which SGK1 increases ENaC-mediated Na + transport in the distal nephron (see the related article beginning on page 773).
There are two general classes of Na + -selective ion channels in humans. The first, voltage-gated Na + channels, are transiently activated in response to modest degrees of membrane depolarization. Activation of these channels leads to a large but transient depolarization of the plasma membrane. In contrast, the second class, epithelial Na + channels (ENaCs), facilitate the bulk transit of Na + across an epithelial monolayer.
These channels are not strictly regulated by membrane voltage, and other mechanisms have been found to modulate their activity. The extent to which an ENaC is open and conducting Na + , a process referred to as open probability, is regulated by a number of factors, including phosphorylation, the presence of anionic phospholipids, and processing of ENaC extracellular domains by specific proteases (1-3) . The number of channels present at the plasma membrane is also highly regulated, either by altering rates of channel biosynthesis and delivery to the plasma membrane or by channel retrieval from the plasma membrane (4) (5) (6) .
ENaCs have key roles in the reabsorption of filtered Na + in the distal nephron of the kidney as well as in the regulation of Na + content in the extracellular fluids, volume of extracellular fluids, and blood pressure.
